Introduction
reflect the situation encountered by a gene in a natural setting with a natural promoter on 48 the chromosome or a low copy number plasmid. 49 SCUB is particularly relevant in the context of horizontal gene transfer. Whilst sub-optimal 50 SCUB is not always seen in horizontally acquired genes, depending on their origins, for those 51 that are sub-optimal, selective pressure is expected to be applied over time to optimise 52 SCUB; a process referred to as "codon usage amelioration" (4). Antibiotic resistance in 53 bacteria is one of the most pressing threats to human health and horizontal gene transfer is 54 one of the most important means for a bacterium to acquire antibiotic resistance (5). It is 55 evident that many mobile genetic elements are of low guanine plus cytosine (GC) content 56 and carry a related SCUB biased towards low GC codons (6). So, in this context, the impact 57 of SCUB on gene expression is not only academic, but it is also of significant practical 58 interest. The aim of the work reported in this paper was to test the hypothesis that SCUB 59 change can affect the absolute amount of active protein produced in a predictable manner 60 using a natural plasmid system and an intermediate strength natural promoter using a 61 clinically important, mobile antibiotic resistance gene. 
Results and Discussion

64
The blaIMP-1 metallo-β-lactamase-encoding gene cassette, which confers resistance to the 65 carbapenems, a class of "last resort" antibiotics, has a GC content of 39% (7). However, it 66 has been found widely among Gram-negative bacteria with varying genomic GC contents 67 (8). For example, it is commonly found in Escherichia coli and other Enterobacteriaceae 68 which have genomic GCs of ≈50%. Accordingly, if SCUB affects translational efficiency 69 and/or rate, one would expect the amount if IMP-1 enzyme should be seen to increase in 70 Enterobacteriaceae if the SCUB of bla IMP-1 is ameliorated to match the optimal SCUB of this 71 family, as represented by E. coli. To test this, specific imipenemase activity was measured in 72 extracts of E. coli MG1655 transformants carrying pHIMP or pHEcIMP, being the cloned 73 wild-type or E. coli SCUB optimised blaIMP-1 gene cassette, respectively, each under the 74 control of an identical, natural, intermediate-strength integron promoter, and each ligated 75 into a broad host-range, low copy number vector derived from a natural antibiotic 76 resistance plasmid: RK2 (9). We can confirm that pHIMP is a truly natural expression system 77 because imipenemase activity in an MG1655 transformant carrying pNIMP (the natural 78 blaIMP-1 encoding plasmid) and MG1655(pHIMP) were the same (Figure 1) . If the hypothesis 79 being tested is correct, it was expected that optimisation of blaIMP-1 to a SCUB closer to 80 optimal in E. coli genes would increase IMP-1 production relative to wild-type. However, this 81 was not observed. The pHEcIMP variant synthesised to match the "optimal" SCUB of E. coli 82 presumed highly expressed genes (ribosomal protein and translation elongation factor 83 genes) based on the OPTIMIZER algorithm (10) was expressed at lower levels than than the 84 wild-type gene (p<0.0001) (Figure 1 ).
85
It was considered possible that the effect seen here is due to stability changes at the 5' end codon AAA is in the majority in blaIMP-1 (19/26; 73%) and AAG accounts for the rest. Rather 102 than relying on theoretical lists of "highly expressed genes" to define the "optimal" SCUB for 103 lysine codons in blaIMP-1, we measured protein abundance using LC-MS/MS proteomics. In so 104 doing we defined the 20 most highly abundant proteins in three test species during growth 105 under the conditions we would also use to test IMP-1 production (Tables 1-3 (Figure 2) . 129 These data show that the simple idea of optimization based on average SCUB -even when 130 that average is taken from highly expressed genes confirmed by proteomics -is rather 131 naïve. The codons in an mRNA affect its folding, which affects its stability and the rate of In conclusion, codon "optimisation" and mutations that change SCUB to be more closely 170 aligned or more distantly aligned to highly expressed genes in multiple bacteria do not 171 guarantee higher levels of gene expression. Indeed, for synonymous lysine codon changes, 172 the increase in IMP β-lactamase production when SCUB was moved further from "optimal" 173 is paradoxical and is most likely to be cause by reduced aberrant protein production that 174 occurs when AAA codons are present in duplicate (17) . Care should therefore be taken when Ribolyser (Hybaid, UK) at speed of 6.0 for 40 s followed by centrifugation at 13,000 rpm for 231 1 min to pellet cell debris. The supernatant was used for enzyme activity measurement.
232
Total protein concentration was determined using the Bio-Rad protein assay reagent 233 according to the manufacturer's instructions. To measure the imipenemase activity in an 234 extract, 100 μl of extract was added to 900 μl of HEPES buffer (containing ZnCl2, as above) 235 and 0.1 mM imipenem. Change of absorbance was monitored at 299 nm over 10 min. sequence, (absolute usage in total sequence). sequence, (absolute usage in total sequence). sequence, (absolute usage in total sequence). Variant  a78g_F  5'-CGCAGCAGAGTCTTTGCCAGATTTAAAGATTGAAAAGCTTGAT-3'  M1  a153g_F  5'-GTGGGGCGTTGTTCCTAAGCATGGTTTGGTGG-3'  M2  a216g_F 5'-GACACTCCATTTACGGCTAAGGATACTGAAAAGTTAGTCAC-3' M3 a261g_a267g_F 5'-TGGTTTGTGGAGCGTGGCTATAAGATAAAGGGCAGCATTTCC-3' M4,5 a375g_a378g_F 5'-CAAATGAACTGCTTAAGAAGGACGGTAAGGTTCAAGCCAC-3' M6,7 a435g_a441g_F 5'-GGCTAGTTAAGAATAAGATTGAAGTTTTTTATCCAGGCCCG-3' M8,9 a510g_F 5'-GGTTTGGTTGCCTGAAAGGAAGATATTATTCGGTGGTTGTTTT-3' M10 a537g_F
5'-CGGTGGTTGTTTTATTAAGCCGTACGGTTTAGGCAATTTGG-3' M11 a597g_F
5'-CTTGGCCAAAGTCCGCCAAGTTATTAAAGTCCAAATATGG-3' M13 a612g_F
5'-CGCCAAGTTATTAAAGTCCAAGTATGGTAAGGCAAAACTGGTT-3' M14 a627g_F
5'-CCAAGTATGGTAAGGCAAAGCTGGTTGTTCCAAGTCA-3' M15 a675g_F
5'-GACGCATCACTCTTGAAGCTTACATTAGAGCAGGC-3' M16 a729g_F
5'-GTTAAACGAAAGTAAAAAACCATCAAAGCCAAGCAACTAAATTTC-3' M17 (KV) 
Figure Legends
